Active landslides are occurring along the banks of the South Saskatchewan River at Saskatoon. A field investigation and stability analysis indicated that a multiple retrogressive mechanism is valid in explaining the failures at Beaver Creek, 28 km south of Saskatoon. Computations indicated that lateral pressures ranging from the active to something greater than the at-rest condition tend to support the successive blocks but are not high enough to stabilize the slides. It was assumed that the rate of movement of the blocks varies and probably increases downslope. Valuable information was obtained about the soil properties in the area and the mechanism of failure that seems to apply over a long section along the river bank south of Saskatoon.
Introduction
Landslides have occurred and some are presently active along the east bank of the South Saskatchewan River south of Saskatoon. The slide area begins at the University of Saskatchewan campus and extends almost continuously southward approximately 28 km. Pressure has been increasing for residential development along the river bank (Sauer 1974) and, as a result, slope instability in this area is a major concern to public officials and local residents. At the confluence of Beaver Creek with the South Saskatchewan River, 28 km south of the city, landslides are presently active, providing an ideal opportunity to investigate the nature and causes of slope instability at this site (Fig. 1) . Many of the landslides between Beaver Creek and Saskatoon are presently not moving but could easily be reactivated.
The Beaver Creek site has several advantages from a research point of view. The area is virgin prairie and therefore provides a natural physical setting free from the influences of urban development, which would complicate the historical aspects of the study. Furthermore, there exists a large base of data on the history of the river channel, as well as 14 sets of vertical aerial photographs taken continuously along the river over a period of 30 years. The location of the Beaver Creek site as well as other features in the area can be seen in Fig. 2 . In Figs. 3 and 4, the surface morphology of the slides can be observed.
Preliminary studies in the area began in 1973. Initially, the geology and groundwater regime were established, then a relatively intensive program of test drilling, mapping, laboratory testing, and slope stability analyses was carried out. As a result, it appeared that there was enough information available to discuss the slide in sufficient detail to provide a meaningful basis for hypothesizing the causes and mechanisms of failure. It must be recognized, however, that further instrumentation and analyses are desirable to refine the hypotheses to a greater degree.
The retrogressive mechanism has been described by Toms (1953) , Fukola (1953) , Henkel and Skempton (1954) Morgenstern and Price (1965) found that the degree and form of disturbance on the surface of a sliding mass can be used as means for differentiating slope movements that are perfectly circular from those with multiple composite failure zones. The surface deformation at Beaver Creek is of the type found in composite failure surfaces with translational movement along a common failure plane. Thomson and Hayley (1974) developed a method of analysis for a retrogressive slide on the Little Smokey River. The form of these slides is very similar to that of the slides at Beaver Creek. As a result, their findings proved to be extremely useful in establishing the mechanism of failure at Beaver Creek.
The Physical Environment at Beaver Creek
The stratigraphy at the site was established from a deep test hole drilled into the Upper Cretaceous clay shale of the Bearpaw Formation (Fig. 5 ) . The river level is well above the contact between the till and the stratified drift. As a result, the surficial stratified drift is the most relevant sediment in the consideration of slope stability at this site. However, in order to establish stratigraphic continuity, the upper surface of till of the Battleford Formation was used as the base of exploration in all test holes and piezometer installations.
The surficial stratified drift was deposited during the recession of the Wisconsin continental glacier (Christiansen 1968 (Christiansen , 1971 . The topography in the area is such that, as the front of the ice sheet was positioned to the north of the site, it formed topographic closure, creating a proglacial lake. The sediments that were being discharged into this lake were supplied by the North and South Saskatchewan Rivers which were draining the area westward from the Rocky Mountains at that time.
Where the rivers emptied into this lake large deltas were formed, resulting in extensive areas of uniform sands overlying clays and silty clay deposits. This accounts for the stratigraphy at the Beaver Creek site. The presence of the sand is indicated by the existence of sand dunes in the area (Fig. 3) . The clays and overlying sands are referred to collectively as 'stratified drift'.
The presence of a fine uniform sand overlying a less permeable clay has resulted in a high water table throughout the area. Even at the edge of the upper scarps of the landslides near the river where significant drawdown would be expected, the water table is only about 7 m from the ground surface.
Site Investigation

Mapping
The oldest description of the slide area was found in the field notes of the original survey of part of Township 35, Range 5, west of the third initial meridian, Northwest Territories by H. W. Selby, between October 12 and October 16, 1883. Selby described the right bank in the study area as "high wooded sand hills very broken extending out from shore about 15.0OC".l Selby also described the area near the northern extremity of the study area as "heavily timbered flatland banks six to ten feet high which are being washed away every year to allow the trees to fall over into the river". A final quotation taken from the field notes gives a description of the area further north: "high banks with landslides, wooded and full of springs".
The slides at the site extend back from the river approximately 122 m to an elevation approximately 23 m above river level. The average slope is approximately 20°, although the slope in the slide zone is approximately 8O.
Aerial photographs were flown for this study at a scale of 1 :6000 in 1974 as part of a provincial Department of Highways contract. In addition, aerial photographs were obtained from the National Air Photo Library in Ottawa, which were flown at a scale of 1 : 15 840 in 1944. Ground control was established in the area through conventional surveying techniques, thus making it possible to obtain two sets of photogrammetric contours of the slide area separated by a time span of 30 years. From these maps it is possible to compare cross sections and positions of the main scarps and river channel over a significant time period. Stereograms and contour maps are shown in Figs. 6-9. A control line is shown on both contour maps for purposes of comparison.
A comparison was made of the geomorphology between 1944 and 1974 by orienting the maps according to the control points which were marked on the maps. From the two sets of contour maps it is clear that considerable movement has occurred. Figure 10 shows a comparison of cross sections of the slide along the control line taken from the two maps. It is apparent that the bank has moved back about 40 m and that the scarp has moved back 37 m, thus establishing an average yearly retro- The location of the bank as described by the original river traverse of this portion of the area in 1906 indicates that considerable erosion took place between 1906 and 1974. In addition, the description by Selby indicated that movement was taking place in 1883. The comparison of scarp locations from the topographic maps is shown in Fig. 11 . It can be seen that the scarp has moved more in the southwest area between 1944 and 1974, and that the erosion of the bank has been more uniform than scarp retreat over the past 68 years.
Site Investigation
The first test hole was drilled to bedrock (Fig. 5 ) in 1973 to establish the stratigraphy at the site. A tungsten insert drag bit was used to obtain large cuttings. The interpretation of the geology was based on the electric log and the washed cuttings. Seven piezometers were installed using the same equipment. An electric log and cutting interpretation were performed at all piezometer holes prior to installation. The elevation of the contact between the upper stratified drift and the underlying till proved to be remarkably constant, varying only a few feet.
In 1975 continuous cores were obtained in the undisturbed zone from 3 in. (7.6 cm) thin wall tube driven samplers using a rotary drill.
It was not possible to operate a large rotary drilling rig on the slide area without extensive earth moving operations. This kind of disturbance was not permitted because the area is a public park. It was possible, moving only a small amount of earth, to lower a continuous flight auger onto the slide blocks with a power winch, which was used to drill and obtain samples in the slide area. It was also possible to estimate water levels by leaving the augered test holes open for several days.
Twelve additional deep test holes, spaced at approximately equal intervals between Beaver Creek and the University of Saskatchewan, were drilled to bedrock. This was done to establish the geology of the river bank over the 28 km of potential slide area. It was found that the stratified drift becomes progressively thinner northward and eventually pinches out north of the University (Christiansen 1976 ). This change in stratigraphy is reflected in a progressive reduction in the width of the floodplain northward (Fig. 2 ) .
Location of the Failure Surface
The failure surfaces of the Beaver Creek slide were located by examination of borehole samples in the field. The locations of failure surfaces were indicated by: ( 1 ) wet zones with material of very low consistency and (2) zones of saturated fine sand. A typical flight auger hole log is shown in Fig. 12 . These zones were used as indicators because visual examination of continuous cores and penetrometer readings on these cores from the undisturbed zone above the slide did not reveal any soft disturbed clay layers. In fact, the undisturbed clays were very firm. The electric logs of six test holes in the undisturbed zone did not reveal any soft sandy layers; however, very thin beds of sand are sometimes difficult to detect on electric logs (Fig. 13) . A summary of the failure zones indicated by the drilling is found in Table 1 . It is suggested from these data that there exists a common, nearly horizontal failure plane for the slide blocks at 470 m above mean sea level.
The positions of the upper part of the failure planes were identified by the location of exposed scarps and large cracks in the ground.
Locatioiz of the Piezometric Surface
About 300 m back from the scarp surface the piezometric surface is at an elevation of 492 m dropping to 488 m at the scarp and 
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FIG. 8. Stereogram of slide area (1974).
indicating that lateral erosion has dominated recent river history. Consequently, the channel activity at the Beaver Creek site is almost entirely lateral erosion of the bank.
Slope Stability Soil Properties
The geotechnical properties of the clays at the site are summarized in Fig. 14 . The samples used to obtain these results were taken from the undisturbed zone behind the upper slide scarp. The material classifies as a medium to highly plastic inorganic clay. The clay size particles ranged from 28-68% by weight, increasing with depth. The electric log (Fig. 13) indicates a similar trend.
When the preconsolidation pressures are compared to effective overburden stress it appears that the clay immediately below the deltaic sand ranges from slightly to highly overconsolidated with considerable scatter in the results. Preconsolidation is possibly due to desiccation. The water contents are above the plastic limit, a situation which is unusual for clay deposits in Saskatchewan. However, the water contents are below the liquid limit. The clay is fissured with well developed slickensides.
The effective shear strength parameters for the clay samples taken at the elevation of the common failure plane are shown in Fig. 15 . Triaxial test results were used to determine the peak shear strength envelope. The points plotted for peak strength arc maximum shear stress for each test and the plotted line represents a best fit line for the Mohr envelope established by a least squares regression analysis.
Direct shear tests were used to estimate the residual strength of the clay. The results of these tests indicate that the Mohr envelope for the material had a cohesion intercept of zero and a slope of about 15 ".
Stability Arlalysis
Examination of samples during drilling operations, observations of the surface morphology, and consideration of cross-section geometry provided strong evidence that a retrogressive failure mechanism with a nearly horizontal common failure plane existed at the Beaver Creek site. A very flat surface slope, the pres- ence of graben block faulting, and extensive surface cracking on the sliding blocks all supported this conclusion.
The nature of a retrogressive mechanism is such that the slide could be triggered by movement or unloading at the toe of the slope. The movement of the slide then works its way up the slope in a series of failures. The simulation of this type of failure requires that the slide be broken into a series of slide blocks. The blocks can then be analyzed to determine their stability. The key to an analysis of this type of failure is an ability to understand or simulate the relationship that exists between the sliding blocks. Thomson and Hayley (1974) found in a study of a similar slide on the Little Smokey Fig. 5 , the similarity of the sediments from the various test holes is evident. This was found to be the same on all the electric logs taken at the piezometer installations (Fig. 4) . Refer to Fig. 13 .
River that the horizontal rate of movement of the slide increased with proximity to the river. They suggested that leading slide blocks had a small restraining cffect on following blocks. A changing rate of horizontal movement
ELEVATION-METRES
seemed logical at Beaver Creek as well, because the vertical dimensions of the sliding blocks appear to decrease toward the river and the amount of movement at the base is approximately 3 m greatcr than at the scarp. Material must therefore travel at a faster rate in the shallow part of the slide to maintain a volume balance. A graphical illustration of how the different portions of the slide travel at different rates of movement and end up with configurations similar to those described for the slide is shown in Fig. 16 . The movements are indicated by vector arrows and a volume balance is maintained in the slide at all times.
The residual shear strength was used for all the sliding blocks because field observations of the slide surface indicated very large displacements along failure surfaces.
The slides were analyzed using the University of Saskatchewan's slope program (Fredlund 1974) for the simplified Bishop method.
In the analysis of the slides, the leading block was considered to be .noving fastcr than the next block, provided it had a factor of safety less than one. Inherent in this assumption is the condition that the leading block does not provide a horizontal restraint to movement of the following block. However, the portion of the first block which is above the slip surface of the second block must be assumed to contribute a normal force on the second block.
EFFECTIVE STRESS PLOT
WATER CONTENT -Y. The results indicated that with a small amount of erosion by the river of the lower block of the slide the factor of safety against sliding of this block becomes 0.78. Following blocks were then analyzed with the assumption described above and all were found to have factors of safety less than one (Fig. 17) .
When the slide was analyzed as a single sliding block along the same horizontal failure zone using residual shear strength parameters, the factor of safety was found to bc 1.82. Therefore, the hypothesis of a retrogressive mechanism appears valid.
The safety factors appear to be low considering the relatively slow rate of lateral movement. This suggests that the lateral support of adjacent downslope sliding blocks is significant. Consequently, an analysis was performed (Fig.  18 ) to estimate lateral pressure coefficients required to produce a factor of safety of 1.0. The results arc shown in Table 2 . Thcse lateral pressures are needed to complete the free body diagram for each block. The lowest lateral pressure coefficient is 0.166 which is approximately equal to the active condition, whereas two of the slide blocks required lateral pressures higher than that of the at-rest condition to produce a factor of safety of 1 .O. This variation in lateral pressure would be consistent with the suggested relative movements of the blocks.
Peak shear strength parameters were used to compute the first time failure of the undisturbed material above the upper scarp. A slip circle starting about 25 m from the present scarp had a factor of safety of 1.0. All circles back from this were greater than 1 .O, whereas all circles forward toward the upper scarp were less 'than 1 .O.
Conclusions The results of this analysis showed that the multiple retrogressive mechanism is valid in explaining the slope failures at Beaver Creek. It also demonstrates that the increase in the rate of horizontal movement toward the river described by Thomson and Haylcy (1974) is a significant factor in the stability analysis.
According to the analysis, the downslope sliding block provides some lateral support to the block above it. The lateral pressures required to produce a factor of safety of 1.0 range from active to somewhat higher than that for the at-rest condition. The variability of these lateral pressures tends to support the assumption that the blocks are moving at different rates.
Other failures have occurred along the river bank toward Saskatoon, where the rivcr is eroding laterally. The stratified drift becomes thinner northward and eventually pinches out north of the University oi Saskatchewan. T ' k change is reflected in the geomorphology of .ne river floodplain (Fig. 2 ) . At any given site along the river bank the geology and present day river regime must be considered for that site because the geometry of the slides will change accordingly. However, valuable information was obtained about the soil properties in the area and the mechanism of failure that seems to apply over a long section along the banks of the Saskatchewan Rivcr south of Saskatoon.
